Trigonocephaly in patients with metopic synostosis is corrected by fronto-orbital remodelling (FOR). The aim of this study was to quantitatively assess aesthetic outcomes of FOR by capturing 3D forehead scans of metopic patients pre-and post-operatively and comparing them with controls. Ten single-suture metopic patients undergoing FOR and 15 age-matched non-craniosynostotic controls were recruited at Great Ormond Street Hospital for Children (UK). Scans were acquired with a three-dimensional (3D) handheld camera and post-processed combining 3D imaging software. 3D scans were first used for cephalometric measurements. Statistical shape modelling was then used to compute the 3D mean head shapes of the three groups (FOR pre-op, post-op and controls). Head shape variations were described via principal component analysis (PCA). Cephalometric measurements showed that FOR significantly increased the forehead volume and improved trigonocephaly. This improvement was supported visually by pre-and post-operative computed mean 3D shapes and numerically by PCA (p < 0.001). Compared with controls, post-operative scans showed flatter foreheads (p < 0.001). In conclusion, 3D scanning followed by 3D statistical shape modelling enabled the 3D comparison of forehead shapes of metopic patients and non-craniosynostotic controls, and demonstrated that the adopted FOR technique was successful in correcting bitemporal narrowing but overcorrected the rounding of the forehead.
Introduction
Craniosynostosis is a condition in which one or more cranial sutures fuse prematurely, leading to an abnormal head shape. Premature fusion of the metopic suture leads to bitemporal narrowing with a compensatory increase in cephalic width, resulting in trigonocephaly. Other characteristics include midline ridging, hypotelorism, teardrop-shaped orbits, and depressed orbital rims (Beckett et al., 2012; Birgfeld et al., 2013) . The surgical procedure used to correct trigonocephaly in single-suture metopic synostosis at Great Ormond Street Hospital for Children (GOSH, London, UK) is fronto-orbital remodelling (FOR) (James et al., 2015) .
The assessment of the aesthetic outcome of FOR is often subjective, depending on the clinicians' and/or parents' visual judgement and satisfaction (Anand et al., 2013; Britto et al., 2012; Metzler et al., 2013; Szpalski et al., 2011; Ul Haq et al., 2014) . In order to quantify head shape changes achieved by FOR, pre-and postoperative 3D images of the forehead are required. Traditional methods include computed tomography (CT) scans followed by cephalometric measurements (Ezaldein et al., 2014; Metzler et al., 2014; Oi and Matsumoto, 1987; Posnick et al., 1994) . Due to concerns about the deleterious effects of exposure to ionizing radiation in infants, in addition to the routine use of general anaesthesia for many of these scans, our group has not used routine CT scanning (either pre-or post-operatively) for uncomplicated single-suture synostosis cases for more than a decade (Cerovac et al., 2002) . Other groups have also reported that the routine use of CT in metopic synostosis is non-contributory (Engel et al., 2012) .
Three-dimensional (3D) scanning has become an attractive technique to assess head shape changes following craniofacial surgery in a non-invasive, ionizing radiation-free and anaestheticfree manner (Kau et al., 2007; Linz et al., 2014; Martini et al., 2015; McKay et al., 2010; Schaaf et al., 2010; Wong et al., 2008) . Few studies have used 3D photogrammetry to capture pre-and post-operative scans of metopic patients undergoing FOR in order to perform cephalometric measurements (i.e. volume, frontal angle, head circumference) (Freudlsperger et al., 2015; Martini et al., 2015; Wilbrand et al., 2012) . Although these measurements provide valuable information about the effects of surgery, they do not describe regional and global surface shape features of the forehead in a 3D fashion.
The aim of our study was to capture pre-and post-operative head shapes of metopic patients undergoing FOR at GOSH using a 3D handheld scanner to quantitatively assess 3D head shape changes induced by surgery. Our approach allowed visual and quantitative shape assessment by computing mean pre-and postoperative head shapes and describing their 3D shape variability using a non-parametric statistical shape modelling (SSM) technique (Durrleman et al., 2014) . Since the 3D handheld scanner is a safe and portable tool, its use was extended to acquire scans of agematched, non-craniosynostotic controls to compare their head shape with the post-operative shapes of the metopic cohort. We hypothesized that quantifying the 3D head shape of patients before and after FOR and comparing those shapes to those of controls could provide valuable insight for future surgical planning and assessment of surgical outcome.
Material and methods

Patients and surgical technique
Ten consecutive metopic patients (9 male, 1 female; mean age 17.3 ± 3.1 months) who underwent FOR, and 15 noncraniosynostotic controls (11 male, 4 female; mean age 21.1 ± 3.2 months) who underwent non-craniofacial (e.g. gastro-intestinal, urologic) operations at GOSH were recruited prospectively between October 2015 and March 2016. Informed consent was given for the 3D scans to be acquired and used for scientific publication. Local and ethical procedures were followed.
Our standard technique for FOR correction for trigonocephaly is the "Hayward technique" (James et al., 2015) . In brief, a bicoronal retroauricular scalp incision is made, and the scalp is elevated to the orbital rims bilaterally in one or two layers. A favourable contour for the new supra-orbital region is selected from the posterior region of the fronto-parietal bones, which is then used to plan the bifrontal craniotomy. Following elevation of the bifrontal bone flap, the deformed supra-orbital rims and temporal squames are resected. The bifrontal bone flap is then divided into 2 halves and rotated 180 , and the sides are swapped to form a new supraorbital contour. Once optimal positioning is achieved, the flaps are secured with a combination of dental wire (basally) and resorbable sutures (vertex). Further tailoring of the final result is achieved with further "armadillo"-style osteotomies as required. Any bony defects are filled with a morcellized bone paste (formed using fibrin glue, "bone salami") (Rashid et al., 2008) . The wound is closed in layers with resorbable sutures.
3D scans: image acquisition and processing
3D scans of metopic patients were acquired pre-and postoperatively in theatre using a structured light handheld scanner (M4D Scanner, Rodin4D, Pessac, France) connected to a laptop with VXelements software (Creaform, Levis, Quebec, Canada). Scans of non-craniosynostotic controls were performed in the anaesthetic room after administration of general anaesthesia or in the ward while patients were waiting to be called for surgery. The scanner was calibrated regularly to ensure that differences in the rooms in which the images were acquired did not influence the results. Since structured light handheld cameras have difficulties capturing hair, tight white nylon stockings (Beagle Orthopaedic, UK) were used to cover patient hair.
The scans were exported as 3D computational surface meshes in stereolithography (STL) format for post-processing ( Fig. 1 ). All postprocessing was done by the same examiner. Artefacts and objects outside the region of interest were cleaned up using MeshMixer software (Autodesk Inc., Toronto, ON, Canada). In cases in which the camera did not capture the full head in one scan, multiple scans were merged together using 3-matic (Materialise, Leuven, Belgium).
Images were cut by planes defined by facial anatomical landmarks (Robin's 3D Image Rendering Software package, UK) in order to capture the surgically remodelled area (Fig. 1a ). A base plane was created through the left and right crus of helix and the nasion, as these landmarks are not expected to change during the surgical intervention. It must be noted that although in some FOR procedures the nasion might be affected by the surgery (Britto et al., 2012) , osteotomies in the so-called Hayward technique are performed in the supra-orbital region (James et al., 2015) and, hence, the nasion remains unchanged. To capture the full forehead, a second plane was created 120 from the first plane towards the posterior through the cruses of helix. The reliability of the three landmarks used to define the planes was assessed by locating them 10 times on the same scan leaving at least 12 h between measurements. The intraclass correlation (ICC) was ICC > 0.99 (p < 0.001), indicating an excellent intra-rater reliability of the chosen landmarks.
In order to directly compare head shapes in 3D, the acquired scans were registered (rigidly aligned on top of each other), using the crus of helixes along the base plane (3-matic, Fig. 1b ). First, all pre-operative scans were registered; each post-operative scan was then registered to the corresponding pre-operative scan; and finally, control scans were registered to the average post-operative scan.
Cephalometric measurements
The following cephalometric parameters were measured on the 3D scans (Rhinoceros 3D software, Robert McNeel & Associates, Seattle, WA, USA): forehead volume defined by the volume between the base plane and the posterior plane at 120 ( Fig. 1a) ; interfrontoparietaleinterparietal ratio and frontal angle (Fig. 2) to assess the narrowing of the fronto-temporal region and rounding of the forehead, which are the regions of correction in metopic patients. The ratio and the angle were measured on a plane parallel to the base plane at one-third of the head height. This plane was chosen as it included the most anterior point of the forehead in metopic patients (glabella), which was referred to as point A. The interparietal distance (BC) (Fig. 2) was defined as the width of the forehead parallel to the line that connects the left and right crus of helix. The interfrontoparietal distance (DE) (Fig. 2) was defined as the width of the skull half distance from BC to A. Therefore, as shown in Fig. 2 , the interfrontoparietal-interparietal ratio was computed as DE=BC, whereas the frontal angle was measured as d DAE.
Statistical shape modelling: average models and principal component analysis
A non-parametric statistical shape modelling (SSM) approach that does not require manual landmarking was used to compute the 3D anatomical mean head shapes of pre-and post-operative FOR patients as well as of controls (Deformetrica, www. deformetrica.org) (Bruse et al., 2016; Durrleman et al., 2014) . The method simultaneously computes the mean shape of a 3D shape population and the deformation vectors, deforming the mean shape towards each of the included subject shapes. Mean and deformation vectors thus numerically describe all 3D head shape features of the population and allow statistical analyses of 3D shapes within a coherent framework.
The registered 3D scans (Fig. 1b ) were used to compute separate mean shapes for each of the shape populations (pre-operative, post-operative and controls) to obtain average head shape features characteristic for each of the groups. To check the robustness of the technique and to ensure that the final average shapes were not overly influenced by adding or leaving out one specific shape, k-fold cross-validation was performed for each of the average models (Bruse et al., 2016; Mansi et al., 2011) . This involved leaving one patient out of the analysis each time and re-computing the average model, until each patient had been excluded once. Surface distances between mean pre-, post-and control scans were calculated using VMTK (The Vascular Modeling Toolkit, Bergamo, Italy) (Antiga et al., 2008) and visualized in ParaView (Ahrens et al., 2005) (Kitware, Clifton Park, NY, USA).
Traditionally, 3D shape variability around the computed mean shape is described via principal component analysis (PCA) (Heimann and Meinzer, 2009; Jolliffe, 2002) , which can be applied to analyse craniofacial abnormalities (Crombag et al., 2014; Staal et al., 2015) . This mathematical technique allows one to break down high-dimensional shape variability into a smaller subset of so-called shape modes that characterize the dominant contributors to 3D shape variability within the dataset. Each shape mode accounts for a certain percentage of total shape variability and can be visualized as a deformation of the mean shape. Furthermore, the so-called shape vector (Mansi et al., 2011) numerically quantifies how much of the shape features described by a specific shape mode is contained within a subject head shape. Low shape vector values thereby relate to a small deformation of the mean shape along the mode, while high shape vector values relate to large deformations. In summary, shape modes allow visualization of principal 3D shape features present in the population, and shape vectors allow quantification of those 3D shape features with respect to an individual's head shape, thus allowing statistical analysis of shape.
To quantitatively compare all three groups, a joint statistical shape model was computed in Deformetrica, using all 35 head scans as input. PCA was carried out on the derived deformation vectors (Matlab, Mathworks, Natick, MA, USA), and shape modes were visualized as deformation of the obtained mean shape from À2 standard deviations (À2s) to þ2s for the respective shape mode. Shape vector values were computed for each mode and compared among the three groups via traditional statistical analysis.
Statistical analysis
Mean values and standard deviations were calculated for the measured parameters (forehead volume, interfrontoparietaleinterparietal ratio, frontal angle) and PCA shape vectors. The Wilcoxon signed-rank paired test was used to compare pre-and post-operative measurements of metopic patients. Measurements on controls were compared to pre-and post-operative measurements of FOR patients via an independent ManneWhitney U test. Differences were considered significant at p < 0.05. Statistical analysis was performed using SPSS (v.22, SPSS Inc. Chicago, IL, USA).
Results
3D head scans of metopic patients immediately before and after FOR as well as non-craniosynostotic controls were acquired successfully with the handheld scanner. Fig. 3 shows overlaid topdown views of individual pre-and post-operative forehead scans of metopic patients, demonstrating overall shape change following surgical correction.
Cephalometric measurements
Mean and standard deviations of the cephalometric measurements of forehead volume, interfrontoparietaleinterparietal ratio and frontal angle are summarised in Fig. 4 . Forehead volume increased from pre-operative (1265 ± 168 cm 3 ) to post-operative (1378 ± 165 cm 3 ) scans for all patients (p ¼ 0.007). No statistically significant differences were found between pre-operative and control volumes or between post-operative and control volumes (mean control volume: 1243 ± 146 cm 3 ). The interfrontoparietaleinterparietal ratio (DE=BC) increased from pre-operative to post-operative scans (p ¼ 0.005) and was significantly different between the pre-operative and control groups (p < 0.001), but not between the post-operative and control groups. The frontal angle ( d DAE) widened significantly from pre-operative to post-operative scans (p ¼ 0.005). Compared to the frontal angle of control scans, pre-operative scans had a narrower angle (p < 0.001), whereas post-operative scans had a wider angle than controls (p ¼ 0.002).
Average models
The chosen non-landmark-based SSM approach computed the mean shapes of pre-operative, post-operative and control scans, demonstrating the effects of FOR surgery on forehead shape (Fig. 5) .
The leave-one-out cross-validations showed that none of the average models was overly influenced by any individual scan.
The regional differences in the three mean shape models are quantified by surface distance maps in Fig. 6 . The colour maps indicate that, on average, metopic patients pre-operatively had 10 mm wider parietal width and a bitemporal narrowing of 10 mm on each side when compared to those of controls (Fig. 6, top) . During FOR, the metopic ridge was decreased on average by 5 mm, and the sides of the forehead were augmented by 10 mm (Fig. 6,  middle) . Comparing the mean post-operative head shape to the mean control shape, the central portion of the forehead was 10 mm flatter and the parietal width was 10 mm wider (Fig. 6, bottom) .
Principal component analysis
After performing PCA including all pre-operative, post-operative and control scans, the first three modes of variations represented 68% of the total shape variability within the population. The top part of Fig. 7 shows the deformation of two standard deviations down (À2s) and two standard deviations up (þ2s) from the computed mean shape for the first three shape modes. Shape deformations towards À2s relate to low values of the corresponding PCA shape vector, whereas deformations towards þ2s relate to high shape vector values. The first shape mode (Mode 1) captured overall head size combined with the roundness of the forehead, as shown in Fig. 7a . Pre-operative scans were associated with lower values of Mode 1, indicating smaller and more elliptical foreheads, whereas postoperative scans were linked to higher values matching larger and rounder foreheads (p ¼ 0.005). No significant differences were found between shape vector values associated with pre-operative scans and controls or between post-operative values and controls.
The second shape mode (Fig. 7b ) captured the differences in the interparietal width and flatness of the frontal part of the forehead. This highlighted mainly the difference between control scans, closest to the À2s model, and post-operative scans, related to the þ2s model (p < 0.001). Pre-operative scans were in between, with wider interparietal width than those of controls (p ¼ 0.046), but a rounder frontal part of the forehead than on post-operative scans (p ¼ 0.005).
The effects of FOR, the widening of the interfrontoparietal width and the frontal angle were best represented in the third shape mode (Fig. 7c ). There was a significant difference between preoperative scans and those of controls (p ¼ 0.005) due to the triangular forehead shape of metopic patients. This was improved from pre-operative to post-operative scans (p < 0.001), but the shape mode revealed an over-effacing of the forehead when postoperative scans were compared to those of controls (p ¼ 0.02).
Discussion
In this study, pre-operative and post-operative scans of metopic patients undergoing FOR as well as age-matched non-craniosynostotic controls were successfully acquired using a structured light 3D handheld scanner. Both the cephalometric measurements and, for the first time, the computation of 3D anatomical mean forehead shapes of metopic patients and age-matched controls allowed numerical and statistical analysis. Comparison of the three groups revealed that the adopted FOR technique is successful in correcting bitemporal narrowing but overcorrects the rounding of the forehead.
The main novelty of this study lies in the use of a SSM technique to characterise the "average" effects of surgery in our cohort by comparing mean 3D forehead shapes of pre-operative, post-operative and control scans (Figs. 5 and 6) and performing PCA to describe and quantify 3D head shape variability (Fig. 7) . This provides the advantage of visualising and statistically analysing 3D shape differences in the three groups from a population perspective. Furthermore, rigorous registration protocol allowed the calculation of surface distance maps that intuitively quantify and visualise 3D shape changes induced by surgery as well as shape differences between metopic and non-craniosynostotic forehead shapes (Fig. 6) . Results showed that, pre-operatively, metopic patients had a lower interfrontoparietaleinterparietal ratio and narrower frontal angle than controls (Fig. 4) , which was visualised, in 3D, in the distance maps between the computed mean control and preoperative shapes (Fig. 6, top) . Statistically, pre-operative scans were associated with significantly wider interparietal width (described by the second PCA shape mode, Mode 2) and more triangular forehead shape (Mode 3) than controls. These results are in accordance with descriptions of trigonocephaly found in the literature (Anderson et al., 1962; Birgfeld et al., 2013; Ezaldein et al., 2014; Posnick et al., 1994; van der Meulen, 2012) .
Cephalometric measurements on metopic patients before and after FOR suggested that surgery improved trigonocephaly, as the interfrontoparietaleinterparietal ratio increased and the frontal angle widened (Fig. 4) . Similar results have also been reported in measurements on CT scans (Beckett et al., 2012; Ezaldein et al., 2014; Kellogg et al., 2012; Metzler et al., 2014) and 3D photos (Freudlsperger et al., 2015; Martini et al., 2015; Wilbrand et al., 2012) of metopic patients undergoing different FOR interventions. Information from cephalometric measurements was complemented, for the first time, by 3D visualisation of the mean differences in the forehead shape of metopic patients before and after FOR (Fig. 6, middle) . Surface distance maps showed that there is a temporal widening and a decrease in the metopic ridge from mean pre-operative to post-operative scans. The third shape mode demonstrated that FOR significantly improves the frontal triangular forehead shape of metopic patients. The increase in forehead size, captured in the first shape mode, was in accordance with the increase in forehead volume measured from pre-operative to postoperative scans. Although FOR is performed for aesthetic purposes, it is interesting to note that in this study the volume increased from pre-operative to post-operative scans in all metopic patients. While clinically significant raised intracranial pressure is rare in single-suture metopic synostosis (Thompson et al., 1995) , it seems intuitive that increasing rather than decreasing intracranial volume is desirable when operating on these children.
Although FOR improved the overall trigonocephalic shape, postoperative scans had significantly wider frontal angle than controls (Fig. 4) due to the fact that the frontal part of the forehead was overcorrected (Figs. 5 and 6, bottom) . This was best described by the second shape mode, which ranged from more rounded foreheads (associated with controls) to wider shapes with flatter forehead (associated with post-operative scans). The inherent shape of the bone flaps predicts resultant forehead shape with the advantage of bone curvature used to fill lateral emptiness and match to widened temporal regions. It is the usual practice in our unit to "overcorrect" the temporal narrowness during FOR, to prevent the well-described "temporal hollowing" that can be a late finding in these children (van Fig. 7 . Visual (top) and numerical (bottom) results of the first three modes of variation after applying principal component analysis (PCA) to pre-operative, post-operative and control scans. Each mode of variation is represented by shape models that vary À2s to þ2s from the average model. Low values of PCA shape vectors are associated with shape models closer to À2s, while high shape vector values are related to shapes closer to þ2s. *p < 0.05.
der Meulen et al., 2009; Wes et al., 2014) . This leads to an exaggerated augmentation of the lateral supraorbital region and may explain some of the increased flatness of forehead seen in the current series. One of the advantages of the technique described in this report is that it will allow long-term, non-ionizing, 3D follow-up of this patient cohort to further examine the results of our FOR technique and allow further refinement.
The future use of 3D handheld cameras to capture scans that will then be analysed by SSM could be extended to a broader audience if the post-processing were faster. In this study, the post-processing involved combining several 3D imaging software to clean, cut and register the scans (Fig. 1) . This workflow could be improved by integrating the different steps within one software program and even automating part of the process.
The main limitation of our study is the relatively small sample size of both the control and metopic patient groups, which should be addressed by future studies. However, thanks to the safety and portability of 3D handheld scanners, we predict a build-up of 3D head scan databases in clinical centres, allowing more refined, population-based analysis of cranio-maxillofacial outcome on a larger scale.
This study showcased the potential of 3D scanning followed by 3D shape modelling, especially advantageous when including controls in the study. Having a handheld camera that could capture 3D images in a safe and non-invasive manner facilitated the recruitment of age-matched non-craniosynostotic controls. Furthermore, previous head shape comparisons between metopic patients and controls have been limited to comparisons between cephalometric measurements (Anderson et al., 2004; Ezaldein et al., 2014; Gociman et al., 2014; Kellogg et al., 2012; Wang et al., 2016) or visual one-to-one comparisons of a metopic patient with one age-matched control (Britto et al., 2012) . The proposed method computed a joint statistical model including forehead shapes of 10 metopic patients and 15 controls in order to visualise and quantify 3D shape differences in the population.
Conclusion
To the best of our knowledge, this is the first study to quantify and to demonstrate in a 3D fashion that FOR improves trigonocephaly in metopic patients, bringing the head shape of those patients closer to the shape of non-craniosynostotic controls. However, it also highlighted the areas requiring improvement, as it revealed that the frontal part of the forehead is overcorrected in FOR, leading to post-operative foreheads that are flatter than those of controls. This study provides a quantification of the average differences between controls and metopic patients just before and after undergoing FOR and provides detailed insight into 3D head shape features differentiating those three groups, which is essential to evaluate and improve current surgical techniques.
The methods presented in this study could also be implemented in other craniofacial and reconstructive interventions, as noninvasive and radiation-free 3D scanning followed by statistical 3D shape analysis provides a powerful tool to visualise and to quantify global and regional surface shape changes achieved in craniofacial surgery.
